Abstract Atlantic killifish (Fundulus heteroclitus) inhabiting the Atlantic Wood Superfund site on the Elizabeth River (Portsmouth, VA, USA) are exposed to a complex mixture of polycyclic aromatic hydrocarbons (PAHs) from former creosote operations, but are resistant to the acute toxicity and cardiac teratogenesis caused by PAHs. The resistance is associated with a dramatic recalcitrance to induction of cytochrome P450 (CYP1) metabolism enzymes following exposure to aryl hydrocarbon receptor (AHR) agonists, along with an elevated antioxidant response and increased expression of several other xenobiotic metabolism and excretion enzymes. However, the heritability of the resistance in the absence of chemical stressors has been inconsistently demonstrated. Understanding the heritability of this resistance will help clarify the nature of population-level responses to chronic exposure to PAH mixtures and aid in identifying the important mechanistic components of resistance to aryl hydrocarbons. We compared the response of Atlantic Wood F1 and F2 embryos to benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), 3,3′,4,4′,, and a mixture of BkF and fluoranthene (Fl) to that of F1 embryos of reference site killifish. Resistance to cardiac teratogenesis and induction of CYP mRNA expression and CYP activity was determined. We found that both Atlantic Wood F1 and F2 embryos were highly resistance to cardiac teratogenesis. However, the resistance by Atlantic Wood F2 embryos to induction of CYP mRNA expression and enzyme activity was intermediate between that of Atlantic Wood F1 embryos and reference embryos. These results suggest that resistance to cardiac teratogenesis in Atlantic Wood fish is conferred by multiple factors, not all of which appear to be fully genetically heritable.
Introduction
As with any stressor, chronic pollutant stress has the potential to drive an adaptive response in exposed populations. Multiple populations of fish living in polluted estuaries in eastern North America are resistant to the toxic effects of the contaminants they face, and several have likely developed heritable adaptations (reviewed by Wirgin and Waldman 2004) . In particular, several populations of fish are resistant to the toxic effects of various aryl hydrocarbons, including polychlorinated biphenyls (PCBs), dioxins, and polycyclic aromatic hydrocarbons (PAHs) Nacci et al. 1999; Ownby et al. 2002; Prince and Cooper 1995) . One adapted population of Fundulus heteroclitus (the Atlantic killifish or mummichog, hereafter referred to as killifish) is found in an inlet adjacent to the Atlantic Wood Industries Superfund site (Portsmouth, Elizabeth River, VA, USA) in the southern portion of the Chesapeake Bay watershed. Former woodtreatment operations contaminated the site and sediments with creosote, a complex mixture consisting primarily of unsubstituted PAHs, as well as heterocyclic and phenolic PAHs Walker et al. 2004 ).
Classically, PAHs are known as carcinogenic, immunosuppressive, and as non-specific narcotic toxicants (Samanta et al. 2002) . In addition to these well-established toxicities, recent work has shown that some PAHs cause early life stage toxicity and teratogenesis in fish. Many PAHs are aryl hydrocarbon receptor (AHR) agonists, but others are antagonistic or do not have great affinity for the receptor (Billiard et al. 2002 (Billiard et al. , 2004 Denison and Nagy 2003) . Various PAHs cause developmental toxicity in both an AHR-independent (Incardona et al. 2004 (Incardona et al. , 2005 (Incardona et al. , 2006 and AHR-dependent manner (Billiard et al. 2006; Clark et al. 2010; Incardona et al. 2006) . In many cases, PAH teratogenesis manifests as cranio-facial and cardiac malformations, reminiscent of the "blue-sac syndrome" observed with the related and highly studied planar halogenated a r o m a t i c h y d r o c a r b o n s ( p H A H s ; e . g . , 2 , 3 , 7 , ) (Hahn 2002; Prasch et al. 2003a; Toomey et al. 2001) . While initially it was noted that killifish inhabiting the Atlantic Wood Superfund site had high rates of liver lesions (Vogelbein et al. 1990) , it became apparent that the population had developed remarkable resistance to the acute effects and teratogenesis caused by aryl hydrocarbons and Elizabeth River sediments Ownby et al. 2002; Van Veld and Westbrook 1995) .
Perhaps the most dramatic biochemical or molecular difference between Atlantic Wood killifish and naïve fish is recalcitrance to induction of cytochrome P450 (CYP) metabolic enzymes by AHR agonists Van Veld and Westbrook 1995) . Lack of CYP induction by AHR agonists is generally considered to be a marker of down-regulation of the AHR pathway. In Atlantic Wood killifish and other fish populations exposed over multiple generations to aryl hydrocarbon pollution, recalcitrance to CYP induction is correlated with marked resistance to the toxic effects of the contaminants Nacci et al. 2002; Powell et al. 2000; Prince and Cooper 1995; Roy et al. 2002) .
However, previous investigations into the heritability of the various aspects of the resistance have yielded conflicting results. Ownby et al. (2002) showed that both F1 embryos and F2 embryos from laboratory-reared F1 adults were resistant to teratogenesis due to Elizabeth River sediments. Likewise, Nacci et al. (2010) found heritable resistance to induction of CYP activity and early life stage toxicity caused by 3′, 4, 4′, in F1 and F2 Atlantic Woodkillifish embryos. In contrast, investigation by Meyer and co-workers found more complicated patterns of heritability. They found that toxicity resistance was less marked in the F2 generation, although still evident . In addition, they found that the recalcitrance to CYP induction faded somewhat in later generations Di Giulio 2002, 2003; . It is notable that some data obtained by Meyer and colleagues support a conclusion of genetic heritability, but other data do not. In general, the strongest evidence for full genetic heritability was obtained for resistance to teratogenesis in embryos, while studies of heritable resistance in larvae and adults yielded mixed results. Refractory CYP response and resistance to toxicity tended to fade with age, perhaps indicating that components of the adaptation are developmental stage specific.
The patterns of heritability of various adaptive traits in Atlantic Wood killifish and their laboratory-reared offspring are summarized in Table 1 . To date, it is unclear in some cases what the role of each alteration is in tolerance to contamination, which are the result of acclimation, and which are genetically heritable adaptations. Understanding the heritability of the resistance and its underlying components can help us better understand the nature of population-level responses to chronic contaminant exposure. Furthermore, elucidating if the adaptation is genetically heritable will aid in identifying the important mechanistic components of resistance to aryl hydrocarbons in Atlantic Wood killifish.
In the current study we compared the response to various aryl hydrocarbons of Atlantic Wood F1 embryos (offspring of wild-caught parents), Atlantic Wood F2 embryos (offspring of laboratory-reared F1 adults), and embryos of fish from a reference population. Embryos were exposed to benzo[a]-pyrene (BaP), benzo[k]fluoranthene (BkF), PCB-126, and a mixture of BkF and fluoranthene (Fl). Resistance to aryl hydrocarbon-mediated induction of CYP activity, expression of CYP1A, CYP1B1, and CYP1C1 mRNA, and cardiac teratogenesis was determined. This study focused on these endpoints for several reasons. Due to the probability of close contact with contaminated sediments and the potential for increased sensitivity in early life stages, effects on embryos are of particular importance. Furthermore, it is likely that heritable PAH adaptation is driven by acute toxicity and early life stage effects that prevent survival to reproduction. This investigation focused on CYP induction because of the aforementioned importance of CYP and the AHR pathway in the toxicity of and resistance to many aryl hydrocarbons.
Methods

Fish
Adult killifish from the PAH-adapted Atlantic Wood population were collected with wire mesh minnow traps at the Atlantic Wood Industries Superfund Site (36°48′27.2″N, 76°17′38.1″W). Adult killifish from a reference population were collected from King's Creek, a relatively uncontaminated tributary of the Severn River in Virginia (37°18′16.2″N, 76°24′58.9″W). In the laboratory, adults were maintained in flow-through systems consisting of a series of 30-or 40-l tanks containing 20‰ artificial sea water (ASW; Instant Ocean, Foster and Smith, Rhinelander, WI, USA). The system was maintained at 23-25°C on a 14:10 light/dark cycle. Adults were fed pelleted feed ad libitum (Aquamax ® Fingerling Starter 300; PMI Nutritional International, LLC, Brentwood, MO, USA). Eggs were obtained by manual spawning of females and fertilized in vitro by expressing sperm from males into a beaker containing eggs in ASW. Following spawning, embryos were set aside for a minimum of 1 h to allow fertilization, then washed briefly with 0.3 % hydrogen peroxide solution.
To obtain F1 Atlantic Wood adults, mixed breedings of >100 females and >20 males were conducted. This resulted in several thousand eggs and approximately 1000 were maintained in Petri dishes (VWR International, West Chester, PA, USA) lined with absorbent filter paper (No. 3MM chromatography paper; Whatman International Ltd., Maidstone, England). Enough ASW was added to the dishes to keep the eggs moist but not completely submerged. They were maintained in an incubator for 12-14 days at 27°C. For hatching, more ASW was added to the Petri dishes, the absorbent paper was removed, and the dishes were gently rocked in a shaker. After hatching, larvae were maintained in 2-l beakers of ASW in an incubator at 27°C and fed Artemia nauplii. Larvae were maintained in beakers for several weeks, then moved to a 19-l aquarium in the same room as the adult colonies (23-25°C on a 14:10 light/dark cycle) for several months. Finally, juveniles were moved into dedicated tanks in the flow-through system described previously. The Atlantic Wood F1 generation fish began reproducing approximately EROD ethoxyresorufin-o-deethylase assay, 3-MC 3-methylcholanthrene, BNF β-napthoflavone, ER Elizabeth River, CYP cytochrome P450, mtDNA mitochondrial DNA, nDNA nuclear DNA, t-BOOH t-butyl hydroperoxide, TOSC total oxyradical scavenging capability, GSH glutathione, MnSOD manganese superoxide dismutase, GST glutathione S-transferase, GPx glutathione peroxidase, P-gp p-glycoprotein, AHR aryl hydrocarbon receptor, ARNT aryl hydrocarbon receptor nuclear translocator, AHRR aryl hydrocarbon receptor repressor 6 months after hatching. The experiments described in the current paper were conducted with F2 embryos obtained while the Atlantic Wood F1 fish were 1-2 years old. All care, reproductive, and rearing techniques were noninvasive and approved by the Duke University Institutional Animal Care and Use Committee (A234-07-08).
Chemicals
Ethoxyresorufin, and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (St. Louis, MO, USA). BkF, BaP, and Fl were purchased from Absolute Standards, Inc. (Hamden, CT, USA) and PCB-126 was purchased from AccuStandard (New Haven, CT, USA). Chemical stocks were prepared by dissolving the appropriate mass of BkF, BaP, Fl, or PCB-126 in DMSO.
Dosing
Adult King's Creek (reference), Atlantic Wood F1s, and Atlantic Wood F2s were spawned as described previously. Embryos were dosed individually in 20-ml glass scintillation vials (VWR International) beginning at 24 h post fertilization (hpf). Embryos were exposed in 10 ml of dosing solution (20‰ ASW) containing the following: 100 μg/l BaP, 300 μg/l BkF, or 1 μg/l PCB-126. Embryos were also exposed to 20 μg/l BkF plus 100 μg/l Fl, which is representative of field conditions where killifish are exposed to a mixture of PAHs consisting of AHR agonists (i.e., BkF) and CYP inhibitors (i.e., Fl); the combination of AHR agonists and CYP inhibitors causes a synergistic increase in cardiac toxicity (Wassenberg and Di Giulio 2004) . The doses were chosen based on previous work (Clark et al. 2010 (Clark et al. , 2013 ) because they were known to both cause deformities and induce mRNA expression and EROD (ethoxyresorufin-o-deethlyase) activity in the reference embryos. Control embryos were exposed to DMSO at a concentration (v/v) equal to that in the dosed group; DMSO concentrations were held at <0.03 % across all treatments. All exposure groups also received 21 μg/l ethoxyresorufin. Embryos in the dosing solution were maintained in at 27°C from 24 hpf. CYP1 activity was measured using the in ovo EROD assay at 96 hpf (Section EROD assay), and cardiac deformities were assessed at 144 hpf (Section Deformity assessment). EROD was not assessed in the BkF plus Fl treatment because Fl inhibits EROD activity at the doses used and cardiac deformities were not assessed in the BaP exposure because BaP does not induce cardiac deformities without co-exposure to a CYP inhibitor. After deformity screening, embryos exposed to DMSO, BkF, or PCB-126 were flash frozen in liquid nitrogen and stored at −80°C for later mRNA analysis. This timepoint was chosen for mRNA analysis to allow comparison to previous work with Atlantic Wood F1 embryos (Wills et al. 2010) . All exposures consisted of three experimental replicates with n=10 embryos per treatment group. EROD assay CYP1 activity was measured via the in ovo EROD assay modified from Nacci et al. (1998) , in which embryos are coexposed to ethoxyresorufin in the dosing solutions. Resorufin, the fluorescent product of CYP1 activity on ethoxyresorufin, collects in the urinary bladder of the embryo. At 96 hpf, this fluorescence was visualized using fluorescent microscopy (50× magnification, rhodamine red filter set; Axioskop, Zeiss, Thornwood, NY, USA). EROD activity was measured as the intensity of fluorescence within the bladder normalized to the intensity within a region outside the bladder and quantified using IPLab software (BD Biosciences, Rockville, MD, USA). All EROD values are expressed as percent of the King's Creek (reference) population DMSO-dosed control group response.
Deformity assessment
Embryos were scored for cardiac deformities at 144 hpf. Deformity assessment was performed blind using a scale shown in detail previously (Clark et al. 2010; Matson et al. 2008) . The scale consists of three scores categorized as normal (0), mild deformities (1), and severe (2) deformities. Embryos receiving a score of 0 had hearts with a normal appearance including properly aligned and sized chambers, no visible pericardial edema, and unrestricted blood flow. Embryos receiving a score of 1 had slightly elongated hearts, with generally distinct but misaligned chambers, and visible pericardial edema. Embryos with a score of 2 had greatly elongated hearts often with no identifiable chambers and an extremely reduced or complete absence of blood flow.
Quantitative real-time PCR Paired embryos were thawed on ice, homogenized with RNABee for 30 s, and mRNA was extracted by modified phenolchloroform extraction according to the RNA-Bee protocol (Tel-Test, Inc., Friendswood, TX, USA). RNA quantity and quality was analyzed using a NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE, USA). Using the Omniscript cDNA synthesis kit for Reverse Transcription (Qiagen, Valencia, CA, USA), cDNA was prepared according to manufacturer's instructions using 500 ng of RNA, random hexamers, and RNAse inhibitor, and carried out for 1 h at 37°C in a Biometra T1 thermocycler (Göttingen, Germany).
QPCR was performed in a 25-μl reaction containing 200 nM of each primer, 12.5 μl of 2× SYBR Green PCR Master Mix (Applied Biosystems, Carlsbad, CA, USA), 9.5 μl dH 2 0, and 4 ng cDNA template. The β-actin (F, 5′-ACCACACATT TCTCATACACTCGGG-3′; R, 5′-CGCCTCCCTTCATCGT TCCAGTTT-3′), CYP1A (F, 5′-AAGAATGGAGGACACT GGATGACC-3′; R, 5′-AGATTACAGGACAACACGACAG CG-3′), and CYP1B1 (F, 5′-CCAAAGAATACACAGAGG CAACGG-3′; R, 5′-ATGAAGGCATCCAGGTAAGGCAT-3′) primers used were previously reported by Wills et al. (2010) and the CYP1C1 (F, 5′-TCTGGACGCCTTCATCTA CGA-3′; R, 5′-GTGACGTCCGATGTGGTTGA-3′) primers reported by Wang et al. (2006) . The reactions were carried out on an Applied Biosystems 7300 Real-Time PCR system with the following profile: 10 min at 95°C and 40 cycles of 15 s at 95°C followed by 1 min at 60°C. Dissociation curves were calculated for each sample at the end of the run to confirm formation of a single product. Each sample was run in duplicate wells, a minimum of six biological replicates (consisting of paired individuals) was analyzed per experiment, and embryos from duplicate experiments were analyzed. Data analyses were performed using ABI PRISM 7300 Sequence Detection System Software (Applied Biosystems). Expression was calculated using relative quantification by the 2
−ΔΔC
T . Target gene expression was normalized to β-actin and then compared to the population control treatment to determine average fold induction.
Statistical analyses
All analyses were performed using JMP 8.0 (SAS Institute Inc., Cary, NC, USA). For all EROD and deformity analyses, the individual was the unit of replication. To measure mRNA, two individuals were pooled. Therefore, a pair of embryos was the unit of replication. EROD data were rank-transformed and analyzed by non-parametric analysis of variance (ANOVA), followed by least square means (LSMeans) procedures. As stated previously, experiments were replicated three times; no differences between experimental replicates were observed for any test. For post hoc comparisons Tukeyadjusted pairwise comparisons were conducted to determine differences between all groups. Statistical significance was accepted at p≤0.05 for all tests.
Results
Heritability of resistance to cardiac teratogenesis due to aryl hydrocarbons
Compared to King's Creek (reference) embryos, both Atlantic Wood F1 and F2 embryos were highly resistant to the teratogenic effects of each of the aryl hydrocarbon exposures (Fig. 1) . The mean deformity score of King's Creek embryos was significantly elevated above that of controls (0.04±0.03) for exposure to BkF (1.0±0.05; p<0.0001), PCB-126 (1.3± 0.10; p<0.0001), and the mixture of BkF and Fl (1.5±0.10; p<0.0001). In contrast, Atlantic Wood F1 embryos exhibited no differences from controls (0.0±0.0) in mean deformity score for exposure to BkF (0.0±0.0, p=1.000), PCB-126 (0.02±0.02, p=1.000), and the mixture of BkF and Fl (0.0± 0.0, p=1.000). Likewise, Atlantic Wood F2 embryos exhibited no statistical differences from controls (0.02±0.02) in mean deformity score for exposure to BkF (0.11±0.05, p= 0.9733), PCB-126 (0.04±0.02, p=1.000), and the mixture of BkF and Fl (0.08±0.06, p=0.9995). The deformity scores of Atlantic Wood F1 and F2 embryos were not statistically different for any exposure tested (all p>0.9).
Heritability of resistance to induction of CYP1 activity by aryl hydrocarbons
Aryl hydrocarbon exposure consistently induced CYP1 activity (as measured by EROD response) in the King's Creek (reference) embryos (Fig. 2) . The mean EROD response for King's Creek embryos was 1,118±85 % for BaP, 2,847± 281 %, 3,215±350 % for PCB-126, and 407±33 % for the mixture of BkF and Fl. For all exposures of King's Creek embryos, EROD activity was statistically different from DMSO-dosed controls (p<0.0001). In contrast, the F1 Atlantic Wood embryos exhibited very little increase in EROD activity with any exposure. The EROD response of Atlantic Wood F1 embryos was not significantly different from that of DMSO-dosed F1s (34 ± 2.7 %) for exposure to BaP (32 ± 2.9 %; p= 1.000), BkF (220 ± 43 %; p= 1.000), PCB-126 (51±4.6 %; p=1.000), or the mixture of BkF and Fl (70±6.7 %; p=1.000). For Atlantic Wood F2 embryos, Fig. 1 Mean deformity score of F1 and F2 Atlantic Wood and King's Creek killifish embryos exposed to aryl hydrocarbons. Mean deformity score (±SEM) of King's Creek (black bars), Atlantic Wood F1 (white bars), and Atlantic Wood F2 (grey bars) embryos exposed to 300 μg/l benzo[k]fluoranthene (BkF), 1 μg/l 3,3′4,4′,5-pentachlorobiphenyl (PCB-126), or a mixture of 20 μg/l BkF and 100 μg/l fluoranthene (Fl). Values marked by asterisk (*) are significantly different from the DMSO-dosed population-matched control group at p<0.05 (ANOVA, Tukey-adjusted LSMeans). n=30 individuals per treatment group EROD activity was significantly different from DMSO-dosed F2s (35 ± 2.6 %) for exposure to BaP (204 ± 53 %; p=0.0302), BkF (1,462±366 %; p=0.001), PCB-126 (532± 150 %; p=0.0294) and BkF and Fl (139±18 %; p<0.0001).
Furthermore, the EROD response of Atlantic Wood F2s was significantly different from that of Atlantic Wood F1s for BaP (p=0.0302), BkF (p=0.0323), PCB-126 (p=0.0253), and BkF and Fl (p=0.0233), but not for DMSO alone (p=1.000). However, the response was also much lower than that of the King's Creek embryos. Both Atlantic Wood F1 and F2 embryos exhibited statistically lower EROD activity than King's Creek embryos for all treatments (p<0.0001).
Heritability of resistance to induction of CYP1 mRNA expression by aryl hydrocarbons Expression of three CYP1 mRNAs (Fig. 3) exhibited a similar pattern to that observed for EROD activity. The fold change in expression of CYP1A, CYP1B1, and CYP1C1 in BkF-and PCB-126-dosed King's Creek embryos was significantly elevated above controls (p<0.05), except for CYP1B1 expression in the BkF treatment (p=0.5363). In contrast, expression of CYP1A, CYP1B1 and CYP1C1 was not elevated above controls in Atlantic Wood F1 embryos for any treatment group (p<0.05). Furthermore, Atlantic Wood F1 embryos exhibited significantly lower BkF-induced expression of CYP1A (p=0.0272) and PCB-126-induced expression of CYP1A (p< 0.0001), CYP1B1 (p= 0.0304) and CYP1C1 (p<0.0001) than that observed for reference embryos.
The expression pattern in Atlantic Wood F2 embryos appeared to be intermediate between that of the F1s and the King's Creek embryos. Unlike in F1 embryos, CYP1A expression was elevated with BkF treatment (p< 0.0001) and CYP1C1 expression was elevated with both BkF (p=0.0292) and PCB-126 (p=0.0098). Furthermore, F2 embryos exhibited significantly greater induction than F1s of CYP1Awith BkF treatment (p=0.0007) and CYP1C1 with PCB-126 treatment (p=0.0232). However, PCB-126 treated F2 embryos still exhibited significantly lower expression of CYP1A (p<0.0001), CYP1B1 (p=0.0228) and CYP1C1 (p=0.0113) than that of reference embryos.
Discussion
Resistance of Atlantic Wood killifish embryos to cardiac teratogenesis and AHR pathway activation by aryl hydrocarbons was found to be heritable for two laboratory-raised generations, suggesting a genetically inherited adaptive response. However, Atlantic Wood F2s demonstrated less resistance to induction of CYP mRNA and EROD activity, perhaps indicating that some part of the resistance is rapidly lost and not inherited genetically. Resistance to cardiac teratogenesis In the current study, Atlantic Wood F1 and F2 embryos were highly resistant to cardiac teratogenesis caused by aryl hydrocarbon exposure. This agrees with much of the previous work investigating resistance of Atlantic Wood embryos to aryl hydrocarbons. Ownby et al. (2002) showed that F2 offspring of laboratory-reared F1 Atlantic Wood killifish were highly resistant to Elizabeth River sediments. Previous work in our laboratory also showed that Atlantic Wood F1and F2 embryos were also resistant to developmental abnormalities and mortality caused by Elizabeth River pore water . In addition, a recent study showed that both F1 and F2 Atlantic Wood killifish were even more resistant to PCB-126 toxicity than adapted killifish from sites in Newark Bay, New Jersey, and New Bedford Harbor, Massachusetts, where contamination is dominated by PCBs and dioxins (Nacci et al. 2010) . In contrast, found that F1 Atlantic Wood embryos were highly resistant to cardiac teratogenesis generated by PCB-126 exposure, but at the highest doses resistance by F3 embryos (F2 embryos were not studied) was intermediate between that of F1 embryos and susceptible reference embryos . It is not clear why this study showed a loss of resistance in F3 embryos whereas all other studies, including the current study, found resistance to toxicity to be inherited for at least two laboratory-reared generations. However, the heritability of resistance to embryonic toxicity in Atlantic Wood killifish has been fairly consistently observed across studies. This suggests that resistance to embryonic toxicity is a major driving force in adaptation to contaminated sediments in the Elizabeth River habitat. Because of close contact with contaminated sediments and increased sensitivity in early life stages, it is likely that heritable PAH adaptation is driven by acute toxicity and early life stage effects that prevent survival to reproduction, rather than chronic effects associated with PAH exposures, such as carcinogenesis.
Resistance to induction of CYP1 mRNA expression and EROD activity For all exposures in the current study, EROD activity was suppressed in both Atlantic Wood F1 and F2 embryos compared to that exhibited by reference embryos. However, the response of Atlantic Wood F2 embryos was consistently higher than that of Atlantic Wood F1s. This consistent pattern suggests that although the resistance to induction of CYP activity may be genetically heritable, it is not brought about solely by genetically inherited mechanisms.
In previous studies in our laboratory, F1 Atlantic Wood embryos were highly resistant to induction of CYP1 activity generated by PCB-126 exposure .
In addition, Atlantic Wood F1 embryos were recalcitrant to induction of CYP1A by the AHR agonist-type PAHs 3-MC and β-naphthoflavone (BNF). However in these studies, the resistance was not consistently heritable to subsequent generations. PCB-126-induced EROD activity in F3 embryos (F2 were not tested) returned to levels similar to those of reference embryos, Likewise, recalcitrance to CYP induction was largely lost in F3 embryos and F2 larvae dosed with 3-MC, BNF, or sediment pore water . In addition, hepatic EROD activities in adult Atlantic Wood F1s and F2s exposed to Elizabeth River sediments were found to be similar to those of adult reference fish. This contrasts with the degree of resistance to CYP induction by Atlantic Wood F2 embryos observed in the current study. Furthermore, Nacci et al. (2010) found that Atlantic Wood F2 individuals were highly resistant to induction of EROD activity by PCB-126. They did not test Atlantic Wood F1 individuals, so it is unknown if they would have observed a difference between F1 and F2 response similar to that seen in the current study. However, they were unable to calculate an exact EC 50 for F2 EROD response because there was no change in response even at 200 μg/l of PCB-126.
Although, EROD activity is frequently used as a measure of CYP1A activity, other CYP1s have been shown to metabolize ethoxyresorufin, although often at a lower rate (Scornaienchi et al. 2010) . As would be expected given the observed EROD activity, Atlantic Wood F1s and F2s were recalcitrant to expression of multiple CYP1s. Atlantic Wood F1 embryos were highly resistant to induction of CYP mRNA expression by both BkF and PCB-126. This agrees with previous work demonstrating that Atlantic Wood F1 embryos were resistant to induction of CYP1A, CYP1B1, and CYP1C1 mRNA expression by multiple compounds, including BkF and PCB-126 (Wills et al. 2010) . However, similar to the EROD response, the expression pattern in Atlantic Wood F2 embryos appeared to be intermediate between that of the F1s and the King's Creek embryos. Overall, these data and work by Wills et al. (2010) show that mRNA expression of multiple CYPs is highly suppressed in Atlantic Wood F1 embryos and to a lesser degree in F2 embryos, suggesting at least partially heritable suppression via a shared upstream regulator such as the AHR. Interestingly, the suppression of CYP expression in Atlantic Wood F2 embryos appears to be stronger for exposure to PCB-126 than for BkF, which concurs with the strong suppression of CYP activity in PCB-exposed Atlantic Wood F2s observed by Nacci et al. (2010) . It is possible that the greater level of expression induced by PCB-126 made it easier to resolve differences between the F1 and F2 embryos, but these data do not demonstrate any resistance to BkF-induced CYP mRNA induction in Atlantic Wood F2s.
The current work and studies by Meyer and colleagues provide evidence that resistance to induction of CYP mRNA expression and enzyme activity is heritable but may not be fully genetic. Meyer and coworkers proposed that this might be achieved through epigenetic regulation of CYP1A. However, Timme-Laragy et al. (2005) found no difference between the methylation status of CpG sites in the CYP1A promoter of Atlantic Wood and reference fish. As discussed previously, suppression of mRNA expression of multiple CYPs indicates suppression via a shared regulator. This suggests that it would be more useful to look at epigenetic regulation of a factor upstream of CYP, such as the AHR.
It is difficult to reconcile the results of Meyer and coworkers with those of the current study and Nacci et al. (2010) , although it is notable that some data obtained by Meyer and coworkers did support a conclusion of genetic heritability. As stated previously, the strongest evidence for full genetic heritability was obtained for resistance to teratogenesis in embryos, while studies of heritable resistance in larvae and adults yielded mixed results. Refractory CYP response and resistance to toxicity tended to fade with age, perhaps indicating that components of the adaptation were developmental stage specific. Interestingly, hybrid embryos generated by crossing Atlantic Wood fish of either sex with reference fish demonstrated a BNF-induced EROD response intermediate between those of reference and Atlantic Wood embryos . Furthermore, the response of the two hybrid lines was nearly indistinguishable, regardless of the sex of the parent from the Atlantic Wood population. These results seem to be more consistent with a hypothesis of genetically heritable resistance, transmitted by both male and female Atlantic Wood fish.
It is noteworthy that some of the elevated EROD response of Atlantic Wood F2 embryos observed could be attributed to a subset of highly responsive individuals, as shown in Fig. 2 . Little evidence of such a group was observed for Atlantic Wood F1 embryos. discussed the possibility that because resistant fish were less fit under clean conditions, the laboratory population could have undergone "reverse" selection, yielding less resistant offspring in later generations. However, it is hard to imagine that the adaptive response could be selected against in only one generation, especially when the observed response of Atlantic Wood F1 embryos does not appear to yield much variation on which to select.
It is also possible that the contaminant resistance is conveyed by multiple adaptive changes, and some components of the resistance are fully heritable, while others are not. Atlantic Wood F1 embryos might have all components of the resistance, both genetically heritable and non-genetically heritable, so their response is very low. In contrast, some Atlantic Wood F2 individuals may have lost non-genetically heritable components of resistance, yielding a subset of higher-responding individuals. If this is the case, it is interesting that loss of some of these components did not affect the overall resistance to toxicity of Atlantic Wood F2 embryos.
Role of AHR pathway in resistance of Atlantic Wood killifish to aryl hydrocarbons As described previously, the AHR pathway plays a pivotal role in the toxicity of many aryl hydrocarbons, including some PAHs, and is a likely target for resistance in aryl hydrocarbonadapted fish populations (reviewed by Wirgin and Waldman 2004) . Furthermore, aryl hydrocarbon-generated cardiac teratogenesis in fish is mediated at least in part through the AHR pathway (Billiard et al. 2006; Clark et al. 2010; Incardona et al. 2006; Prasch et al. 2003b) , so it seems likely that downregulation of the AHR pathway is an important target for adaptation by killifish to the PAH-contaminated Elizabeth River habitat. However, resistance to activation of the AHR pathway (as measured by CYP mRNA expression, protein, and enzyme activity) was not consistently heritable past the F1 generation in many studies by Meyer and coworkers previously discussed (Table 1) . Several conclusions could be drawn from these data and the incomplete resistance to CYP induction of Atlantic Wood F2 embryos observed in the current study. One possibility is that suppression of AHR pathway activity is not fully genetically heritable. In addition, induction of CYP family members has been shown to be regulated by the constitutive androstane receptor, the pregnane X receptor, the retinoic acid receptor, and the peroxisome proliferatorsactivated receptor (Xu et al. 2005; Pascussi et al. 2008 ); therefore, non-genetically heritable alteration of any of these pathways could also play a role in the observed pattern of heritability of CYP suppression. Alternatively, the degree of AHR pathway suppression could be consistent in F1 and F2 embryos, but the up-regulation of other protective factors observed in Atlantic Wood killifish might fade in laboratoryreared generations. Feral Atlantic Wood killifish have elevated levels of glutathione S-transferase (Armknecht et al. 1998) , hepatic P-glycoprotein , UDPglucuronosyl transferase (UGT), and sulfotransferase (Gaworecki et al. 2004 ). Many of these enzymes enhance removal of xenobiotics from the body. In fact, some may have contributed to observed resistance of Atlantic Wood F1 larvae to pesticides that could not easily be attributed to AHR downregulation (Clark and Di Giulio 2012) . It is possible that some of these changes are non-genetically heritable acclimatory changes and their absence in Atlantic Wood F2 embryos resulted in the apparent increase observed in AHR pathway activation. To our knowledge, heritability of these protective factors has not been reported.
In any case, a complete lack of CYP activity and suppression of the AHR pathway do not appear to be required for strong resistance to aryl hydrocarbons at the doses tested. Similarly, investigation of killifish from throughout the Elizabeth River found that some subpopulations were highly resistant to teratogenesis while still demonstrating significant induction of CYP activity (Clark et al. 2013) . These experiments clearly demonstrate that while suppression of the AHR pathway may play a major role in resistance of Elizabeth River killifish to aryl hydrocarbons, it is not the only important factor. This suggests instead that multiple alterations play an important role in PAH adaptation.
Conclusion
This study confirmed that both resistance to cardiac teratogenesis and induction of CYP were heritable for two generations in the absence of PAH stress. However, the suppression of the AHR pathway response was weaker in F2 embryos and therefore did not appear to be fully heritable. There is still much to be determined about the mechanisms by which resistance has occurred, although these results support the conclusion that heritable resistance is conferred by multiple alterations in adapted fish. The existence of genetically heritable resistance to pollutants in this and other fish populations demonstrates the potential influence of anthropogenic contamination at a population and perhaps evolutionary scale.
